Southern blot analysis and nucleotide sequencing of DNA from three bacterio-opsin-deficient mutants of the archaebacterium Halobacterium halobium (M86, W105, and W109) revealed that they each contain an alteration in a region 2,000 to 3,800 base pairs (bp) upstream of the bacterio-opsin gene (bop 
The purple membrane of the archaebacterium Halobacterium halobium functions as a light-driven proton pump and is composed of lipids and bacteriorhodopsin (32) . Bacteriorhodopsin consists of the bacterio-opsin protein complexed stoichiometrically with the retinal chromophore. Physiological conditions of low oxygen tension in the presence of light induce the formation of purple membrane, a process in which the syntheses of bacterio-opsin and retinal appear to be coordinated (22, 33, 34) .
Bacterio-opsin is encoded by a 786-base-pair (bp) gene (bop) located in the more guanine-plus-cytosine-rich (G + C-rich) fraction of the H. halobium genome (4, 10) . A focus of our investigations has been the regulation of this gene. Until a DNA transformation system has been developed for H. halobium, our approach to analyzing bop gene regulation has been to characterize Bop mutants. Spontaneous Bop mutants occur at a high frequency (10-4 [29] ), and the most common mutational event resulting in a Bop-phenotype is the integration of insertion elements in or near the bop gene (3, 25, 27) . ISH2 (520 bp) and ISH1 (1,118 bp) are the most frequently found insertion elements (23) in the Bop mutants analyzed thus far. Mapping of the integration sites of various ISH elements in Bop mutants led to the discovery of another gene, designated brp, which is located 526 bp upstream of the bop gene and is transcribed in the opposite direction (3) . It is clear that brp gene expression affects bop gene expression or purple membrane formation or both, but the mechanism remains unclear.
The only Bop revertant described thus far has been isolated from Bop mutant IV-4, which contains an ISH24 insertion element of 3 kbp near the 3' terminus of the brp gene (1, 27) . In revertant reIV-41, a 588-bp segment of DNA ("ISH25") is found adjacent to ISH24, presumably due to a homologous recombination event between the ISH24 copy within the brp gene and an ISH24 copy located in plasmid pHH1 DNA (27) . Spontaneous Bop mutants derived from the revertant arise at the same frequency as do those derived from the wild type. A series of eight such mutants of the revertant with insertions in the bop gene, in the brp gene or between these two genes has been described (26) .
In an effort to identify other sites required for bop gene expression or purple membrane assembly, we have characterized three Bop mutants derived either from the wild type or from the Bop revertant. These three mutants contain alterations in a region of DNA from 2,000 to 3,800 bp upstream of the bop gene and immediately downstream of the brp gene. Our data imply that this region is also involved in bop gene expression. The properties of a putative gene of 2,022 bp within which the alterations lie are described.
MATERIALS AND METHODS
Materials. [y-32P]ATP (>7,000 Ci/mM), [a-32P]CTP (>400 Ci/mM) and a-32P-labeled deoxynucleotide triphosphates (400 Ci/mM) were obtained from Amersham Corp., Arlington Heights, Ill. Deoxynucleotide triphosphates were obtained from P-L Biochemicals, Inc., Milwaukee, Wis. SP6 RNA polymerase and the in vitro transcription kit were from Promega Biotec, Madison, Wis. The Sequenase DNA sequencing kit was obtained from United States Biochemical Corp., Cleveland, Ohio. Restriction endonucleases and all other DNA modifying enzymes were obtained from New England BioLabs, Beverly, Mass.
Halobacterial strains and mutants. Bop mutants, such as M86, W105, and W109, were isolated as follows. Purple membrane-deficient (Pum-) mutants were isolated on solid media as white colonies in a background of purple colonies. In principle, the Pum-phenotype can arise from mutations in either retinal synthesis (a Ret-phenotype) or in bop gene expression or purple membrane assembly (a Bop-phenotype). These two phenotypes were distinguished by growing the mutants in the presence of exogenous retinal. Pummutants determined to be Ret+ were assumed to be Bop-. Bop mutants were derivatives of either strain II-7, which is a bacterioruberin-deficient derivative of wild-type H. halobium NRC817, or strain Rl, which is a vacuole-deficient derivative of wild-type H. halobium NRC34020. The Bop and Ret mutants which were used in this study are listed and described in Table 1 . Halobacterial growth conditions were as described previously (25) . Bop+ natural isolate YC81819-9 and halobacterial species GN101, Halobacterium salinarium K, and Halobacterium cutirubrum have been described previously (24, 25) . DNA isolation and cloning. Escherichia coli plasmid DNA was isolated by the alkaline lysis method (5) , whereas total halobacterial DNA was isolated as described previously (4) . Derivatives of E. coli plasmids pKG2 and pKGS containing various fragments of halobacterial DNA were isolated from genomic libraries constructed as described by Kuhn et al. (14) and Pfeifer et al. (25) . Transformants containing the restriction fragments desired were identified by colony hybridization with the appropriate nick-translated DNA fragment.
Southern hybridization. Southern blots of total halobacterial DNA were prepared as described previously (25) . Nicktranslated probes used for mapping the mutations in M86, W105, and W109 and for analysis of the open reading frame (ORF) region in various Pum+ halobacterial strains were made and hybridized to the blots under the conditions used by Pfeifer et al. (25) . The ORF region RNA probes were made from DNA templates which were derivatives of plasmids pSP64 or pSP65 containing the restriction fragment indicated. The probes were synthesized in vitro from the SP6 promoter by using SP6 RNA polymerase and hybridized to Southern blots under conditions recommended by the manufacturer (Promega Biotec) (20) .
DNA sequencing. DNA sequencing of the ORF and flanking regions in the wild type and M86 was done by the method of Maxam and Gilbert as modified by Maniatis (18, 19) are the halobacterial insertion elements ISH2 and ISH26, respectively. We also corroborated the type of halobacterial insertion element present in W105 and W109 by DNA sequence analysis of the ends of the insertions as described below and by comparison with the previously determined nucleotide sequence of ISH2 and ISH26 (9, 11) .
DNA sequencing of wild-type and mutant DNA. The locations of the alterations in the Bop mutants described above raised the possibility that the region downstream of the brp gene was somehow involved in bop gene regulation. To characterize this region, DNA sequence analysis was performed in the wild type and in mutants M86, W105, and W109. A 2,276-bp region from the wild type was sequenced (see Fig. 1 and 2) . Analysis of the sequence revealed that the longest ORF is 2,022 bp and reads in the same direction as the brp gene (Fig. 1) . The ATG start codon of the 2,022-bp ORF (designated ORF 2022) overlaps the TGA stop codon of the brp gene (AIL37). Northern (RNA) blot analysis with single-stranded RNA probes (described in the accompanying paper [16] ) revealed a transcript of an appropriate size and orientation corresponding to the 2,022-bp ORF. Other ORFs in the same direction are no longer than 351 bp.
In the opposite direction, the longest ORF is 1,059 bp long and overlaps the 2,022-bp ORF ( Fig. 1 and 2) . A shorter ORF of 381 bp for which the start codon has not yet been determined was observed at the end of the sequenced region distal to the bop and brp genes and the 2,022-bp ORF (Fig.  1 ). Preliminary analysis indicated that only the later of these two ORFs appears to be transcribed (data not shown).
Parts of the region containing ORF 2022 in mutants M86, W105, and W109 were sequenced in order to further characterize the defects in these mutants (Fig. 1) . Restriction mapping of the regions flanking the deletion in M86 indicated that a 254-bp Hinfl-MluI fragment and a 503-bp MluI-BamHI fiagment span the sites where the deletion occurred. Sequencing of these fragments by the method of Maxam and Gilbert (19) in the directions indicated on the map (Fig. 1 (Fig. 2) . In addition, there is an 8-bp direct repeat of wild-type sequences at the boundaries of the deletion (Fig. 2) (3, 6, 10) . consensus sequences proposed thus far for archaebacterial promoters or halobacterial rRNA promoters (13) .
Val Phe Asp Leu Ala Ser Ala Gly Glu Ala Val Ala Leu Leu Gln Asp Val Val Glu Gln Arg Glu Ala Leu Val Ser Thr Asp Ala Asp GTC TTC GAT CTC GCG TCC GCC GGC GAG GCC GTC GCG TTG CTT CAG GAC GTC GTC GAG CAG CGC GAA GCG CTC GTG AGC ACG GAC GCC
The upstream region and the 5' terminus of ORF 2022 were analyzed for stem loop structures in which the loop contains homology to the 3' terminus of H. halobium 16S rRNA. Such structures have been identified at the 5' termini of the bop, brp, and halo-opsin (hop) genes and have been proposed to function in translation initiation (3, 6, 10) . No such stem loop structures were observed in the region at or immediately upstream of the 5' terminus of ORF 2022 (Fig.  2) . A 14-bp imperfect inverted repeat which may function as a potential transcriptional terminator was identified immediately downstream of the 3' terminus of ORF 2022 (Fig. 2) and is followed by a 28-bp region of 46% G + C content. Stem loops followed by a relatively A + T-rich region have been identified downstream of the bop and hop genes (6, 10) .
ORF 2022 has a G + C content of 68%. In comparison, the bop, brp, and hop genes have G + C contents of 62, 68, and 67%, respectively (3, 6, 10) . This is in contrast to the relatively A + T-rich regions located between the bop and brp genes (49% G + C) (3) . The ORF 2022 sequence possesses no significant homology to any gene found in GenBank, although it has a 656-bp region of 46.8% homology to the brp gene.
The codon usage of ORF 2022 and the bop, brp, and hop genes is presented in Fig. 3 (26, 29) , and the majority of these mutants contain insertion elements in the bop gene or flanking regions (3, (25) (26) (27) . Since such alterations are readily detectable by Southern blot analysis, it is more likely that the alterations characterized here are the only ones present in M86, W105, and W109 and thus are responsible for the Bopphenotype.
M86 is the only Bop mutant characterized so far in which the mutational defect is a deletion instead of an insertion. The presence of direct repeats in the wild-type sequence at the boundaries of the deletion suggests that the deletion in M86 was generated by homologous recombination analogous to that observed in E. coli (1) . Moreover, the absence of inverted repeats within the deleted region makes it unlikely that the deletion in M86 represents an insertion element.
The A number of observations lead us to propose that ORF 2022 represents a gene which is expressed in halobacteria. The codon usage of the ORF 2022 is similar to that of other halobacterial structural genes. The high percentage of acidic residues in the putative product of the ORF is characteristic of halobacterial proteins (2) . Also, the secondary structure predicted for the ORF 2022 product is indicative of a typical alpha-beta-type soluble protein. Significantly, ORF 2022 is transcribed in halobacterial cells, as described in the accompanying paper (16) .
Since mutants with alterations in ORF 2022 have a Bopphenotype, ORF 2022 or its product must somehow be required for bop gene expression or purple membrane assembly. Determination of the pattern of transcription of the bop gene, the brp gene, and ORF 2022 in a number of Bop mutants described in the accompanying paper (16) suggests that ORF 2022 is involved in activating bop and brp gene expression. Thus, we designate this putative gene bat for bacterio-opsin activator gene.
